In rodents, the adult subventricular zone (SVZ) generates neuroblasts which migrate to the olfactory bulb (OB) and differentiate into interneurons. Recent work suggests that the neurotrophin Brain-Derived Neurotrophic Factor (BDNF) can enhance adult SVZ neurogenesis, but the mechanism by which it acts is unknown. Here, we analyzed the role of BDNF and its receptor TrkB in adult SVZ neurogenesis. We found that TrkB is the most prominent neurotrophin receptor in the mouse SVZ, but only the truncated, kinasenegative isoform (TrkB-TR) was detected.
Introduction
Neurogenesis continues throughout adulthood in vertebrates, because of endogenous progenitor cells which could be useful for brain repair (Lie et al., 2004) . In rodents, there are two known adult neurogenic regions: the subventricular zone (SVZ) and the hippocampal dentate gyrus. The SVZ contains GFAP ϩ , astrocytic stem cells (type B cells), which generate highly proliferative transient amplifying cells (type C cells) that differentiate into neuroblasts (type A cells) (Alvarez-Buylla and Garcia-Verdugo, 2002) . These neuroblasts migrate in chains through the SVZ (Doetsch and Alvarez-Buylla, 1996) and rostral migratory stream (RMS) to the olfactory bulb (OB) (Luskin, 1993; Lois and Alvarez-Buylla, 1994) , where cells migrate radially into the granular (GCL) and glomerular (GL) layers and differentiate into inhibitory interneurons (Carleton et al., 2003) . We still know very little about the molecules that regulate the generation of thousands of neuroblasts daily from the SVZ.
Growth factors are important components of stem cell niches (Horner and Palmer, 2003) . Cells in the SVZ respond to multiple extracellular factors, including EGF, FGF2, PDGF, BMPs, noggin, prolactin and erythropoietin, which influence SVZ proliferation and neurogenesis (Craig et al., 1996; Kuhn et al., 1997; Lim et al., 2000; Shingo et al., 2001 Shingo et al., , 2003 Zheng et al., 2004; Jackson et al., 2006) . Recent findings indicate that neurotrophins may also play a fundamental role in adult neurogenesis. Neurotrophins are well known for promoting neuronal survival and for modulating synaptic plasticity (Schinder and Poo, 2000; Huang and Reichardt, 2001; Chao, 2003) . Two laboratories have now reported that exposing the SVZ to the neurotrophin brain-derived neurotrophic factor (BDNF) increases production of OB interneurons and, unexpectedly, of striatal neurons normally not generated in adult brains (Zigova et al., 1998; Benraiss et al., 2001; Pencea et al., 2001; Chmielnicki et al., 2004) . Another neurotrophin, CNTF, has been suggested to stimulate adult neurogenesis in the hypothalamus (Kokoeva et al., 2005) . Although these findings are of significant interest for regenerative therapies, we still do not understand the biological mechanisms underlying these neurotrophins' effects on adult stem cell niches. Most importantly, we do not know which cells directly respond to these neurotrophins nor the nature of their response.
We addressed these questions in the SVZ, focusing on the postulated neurogenic effects of BDNF and its receptors TrkB and p75. TrkB exists in two isoforms: a full-length receptor, activated by intracellular domain cross-phosphorylation, and a truncated receptor, lacking most of the intracellular region (Klein et al., 1989 (Klein et al., , 1990 Middlemas et al., 1991) . p75 binds several neurotrophins and its activation can affect cell survival, proliferation, migration, axonal elongation and synaptic plasticity (Dechant and Barde, 2002; Barker, 2004) . p75 seems to affect neurogenesis from SVZ progenitors (Young et al., 2007) . We found that truncated TrkB is expressed in type B and ependymal cells, but not in neuroblasts, whereas p75 is expressed in type C cells and neuroblasts. Our data show that SVZ neurogenesis can continue in the absence of TrkB and that most TrkB-KO and WT OB interneurons display similar survival and differentiation. Importantly, BDNF did not increase SVZ neurogenesis in mice and even decreased neurogenesis in rats.
Materials and Methods
Animals. Mice and rats were maintained in standard conditions with food and water ad libitum. All experimental procedures were approved by the UCSF Committee on Animal Health and Care. All rat experiments were performed on adult male Sprague Dawley rats (ϳ250 g) purchased from Charles River Laboratories. For gene expression analysis and graft recipients, adult CD-1 mice were purchased from Charles River Laboratories. Conditional TrkB lox/lox mutant mice, a kind gift from Louis Reichardt (Xu et al., 2000a) were crossed to ␤-actin:cre mice (Lewandoski et al., 1997) to generate a constitutive TrkB reporter line (TrkB: Tau-LacZ), in which cDNA encoding the fusion protein Tau-LacZ is under the control of the endogenous TrkB gene promoter. These mice were used to study the expression of TrkB gene in the SVZ and RMS. TrkB:Tau-LacZ mice were also used as a constitutive TrkB mutant line. For grafting experiments, we crossed TrkB:Tau-LacZ mice to ␤-actin: GFP mice (Hadjantonakis et al., 1998) , thus generating TrkB constitutive mutant mice whose cells can be traced by GFP expression. Genotyping for GFP transgene was performed by fluorescence in mouse tail samples. Genotyping for all other genes was performed by PCR, using the following primer sequences: N2 (ATGTCGCCCTGGCTGAAGTG) and C8 (ACTGACATCCGTAAGCCAGT) for wild-type TrkB allele, N2 and C7 (GATGATTTCTAGCCTTTTCTGG) for floxed TrkB allele, Tau1 (CAG-GCTCTGAAACCTCTGATGC) and Tau2 (GTCATCGGGTCCAGTC-CCATC) for deleted TrkB allele.
Histology. For cryostat sectioning, animals were deeply anesthetized with Avertin (Tribromoethanol, mice) or Ketamine/Xylazine (rats) and transcardially perfused with a 0.9% saline solution. Brains were then removed and immediately frozen in methyl butane at Ϫ40°C and 10-m-thick sections (12 m for rat brains) were cut on a cryostat. Cryosectioning of early postnatal animals was performed on brains embedded in O.C.T. (Sakura): brains were dissected out of the skull and immersed in O.C.T. for 30 min at 4°C and subsequently transferred to a plastic mold filled with O.C.T. and frozen in dry ice-chilled ethanol. Before use, all cryostat sections were thawed/dried at room temperature for 10 min, then fixed 10 min in 4% paraformaldehyde (PFA). For vibratome sectioning, animals were deeply anesthetized with Avertin (mice) or Ketamine/Xylazine (rats) and transcardially perfused with 0.9% saline followed by 4% PFA in 0.1M phosphate buffer. Brains were then removed and postfixed overnight at 4°C in 4% PFA. After washing off the PFA with PBS, 50-m-thick sections were cut on a vibratome.
Electron microscopy. Adult TrkB:Tau-LacZ reporter mice were transcardially perfused with 2.5% glutaraldehyde and 2% paraformaldehyde (PFA). The brains were postfixed overnight in 2.5% glutaraldehyde at 4°C, then cut on a vibratome (100 m sections). Sections were stained for ␤-Gal enzymatic activity for 24 h at 37°C. Sections were then incubated 1.5 h in OsO 4 , then 3.5 h in uranyl acetate. After being dehydrated in ethanol, sections were embedded in Araldite. Further processing and imaging was performed as previously described (Doetsch et al., 1997) .
Semiquantitative RT-PCR. Total RNA was isolated from freshly dissected mouse tissue using Trizol reagent and protocol (Invitrogen, Cat. #15596-026), then DNAase-digested to eliminate genomic DNA contaminants. cDNA was generated using random decamers and the Cellsto-Signal kit (Ambion, Cat. #AM1723). PCR primers were designed using Primer Express software (Applied Biosystems). To prevent nonspecific amplifications, we designed primers to span at least 1 exon/ intron boundary (except BDNF, NT4, TrkB-TR) and selected primer sequences with no significant homology to undesired sequences (as determined by BLAST software). Primer efficiency was further tested by serial dilution of control cDNA samples and melting curve analysis. PCRs were performed on Applied Biosystems 7900HT light cycler, using AmpliTaq Gold DNA polymerase (Applied Biosystems, Cat. #4311806) and SYBR Green dye (Molecular Probes), which fluoresces when bound to double-stranded DNA and excited by a light source.
Bromodeoxyuridine administration. For label retention and grafting experiments, the DNA synthesis marker bromodeoxyuridine (BrdU) was administered to mice in drinking water (1 mg/ml) for 1 week or 3 d, respectively. For quantification of neurogenesis in TrkB heterozygous and WT mice, BrdU was injected once intraperitoneally at 50 mg/kg at postnatal day 21 (P21) and mice were killed and analyzed 15 d later. For BDNF infusion experiment in mice and rats, BrdU was injected intraperitoneally (IP) at 50 mg/kg every 4 d after surgery. In a second BDNF infusion experiment performed in rats, BrdU was injected IP at 120 mg/kg every 2 h for a total of 5 injections 4 d after surgery, as previously described (Zigova et al., 1998) .
In situ hybridization. In situ hybridization was performed as described previously (Fior and Henrique, 2005) , with modifications. Briefly, cryostat sections were fixed 10 min in 4% PFA, acetylated and incubated overnight in highly stringent conditions (50% formamide, 3ϫ SSC, 60°C) with DIG-labeled RNA probes. Unbound probes were removed with 50% formamide/1ϫ SSC and MABT washes. Tissue was blocked in 2% blocking reagent (Roche, #1096176) and 20% goat serum, then incubated overnight at 4°C with anti-DIG/AP antibody (1:2000, Roche, #11093274910). Sections were then washed with MABT and incubated in AP staining buffer (100 mM NaCl, 50 mM Tris pH 9.5, 100 mM MgCl 2 , 0.1% Tween 20) with NBT/BCIP substrate. Staining was performed at 37°C for 2-5 h. A probe specific for the full-length isoform of TrkB (TrkB-FL) was generated as follows: a 1000 base pair sequence unique to TrkB-FL was amplified by PCR from total mouse brain cDNA using the primers TTGGCATCACCAACAGTCAGC and GTCAGCGGCAGT-CAAGAGGTT (see sequence #NM_001025074 for TrkB-FL). This fragment was then purified and cloned using a T/A cloning kit (Invitrogen). The cloned fragment was sequenced to confirm that the correct DNA sequence had been cloned.
Western blot. SVZ, striatum or whole brain were dissected and triturated in RIPA buffer (1% Triton X100, 0.1% SDS, 5 mM EDTA, 1% deoxycholic acid in PBS, protease inhibitors added before use) with a 27-gauge needle. Protein amounts were quantified by Bradford method and run on a denaturing gel loading 10 -20 g of protein/well. Protein was electrotransferred to a PVDF membrane, which was then blocked 1 h at room temperature (5% skimmed milk; blocking for Upstate anti-TrkB antibody was done overnight at 4°C). Primary antibodies against TrkB (Upstate, Santa Cruz Biotechnology, Chemicon), pTrkB (1:1000, or 0.18 g/ml, a kind gift from Moses Chao, Department of Cell Biology, Skirball Institute, New York, NY) and ␤-actin (AbCam) (see Table 2 for details) were incubated overnight at 4°C. Secondary antibody was incubated in blocking solution 1 h at room temperature: goat anti-rabbit-HRP (1: 5000, AbCam, #ab6721). Membrane was developed using ECL Plus reagent (GE Healthcare, #RPN2132).
TUNEL. TUNEL was performed on cryostat sections, using the Cell Death Detection kit (Roche, Cat. #12156792910). Tissue sections were dried at room temperature for 10 min, then fixed in 4% PFA for 20 min. Tissue was then washed in PBS and pretreated by microwaving 1 min (High setting) in Citrate buffer, after which we followed the manufacturer's instructions for staining.
Immunohistochemistry. Immunostaining and Western blot for TrkB were done with a rabbit anti-TrkB from Upstate (see Fig. 2 D-G) as well as 3 other anti-TrkB antibodies from different sources (supplemental Fig.  2 , available at www.jneurosci.org as supplemental material) (see Table 2 for details). Immunostaining for p75 (see Fig. 7 ) was done using the anti-p75 antibody offered by Louis Reichardt (Department of Physiology and Biochemistry/Biophysics, University of California, San Francisco, San Francisco, CA). Additional anti-p75 antibodies from Promega (used on mouse and rat tissue), Chemicon and kind gifts from Moses Chao (used on rat tissue) were used to confirm p75 expression pattern (data not shown) (see Table 2 ). The following Alexa-conjugated secondary antibodies (Molecular Probes) were used for fluorescence detection: donkey anti-rabbit 488, donkey anti-rabbit 594, donkey anti-mouse 488, donkey anti-mouse 594, goat anti-chicken 488, goat anti-mouse IgG1 594, goat anti-mouse IgM 594 (all diluted 1:500). ␤-Galactosidase and BrdU stainings were amplified using a biotinylated goat anti-mouse IgG2a (1:500, Southern Biotech) or a biotinylated donkey anti-rat (1:500, Jackson Immunoresearch) secondary antibody, respectively, followed by 1 h incubation with Streptavidin-Cy2 (1:500, Jackson Immunoresearch) or Streptavidin-488 (1:500, Molecular Probes), respectively. For BrdU detection, 10 m cryostat sections were pretreated with 2N HCl 30 min at 37°C, then washed with Boric acid buffer (0.1 M boric acid, 0.02 M sodium tetraborate (Borax), pH 8.4) and PBS. Whenever BrdU and another antigen were detected in the same sample, staining was done sequentially, first for the other antigen and postfixing 10 min with 4% PFA before performing the HCl treatment. All samples were blocked 1 h at room temperature with 3% bovine serum albumin (BSA), 10% serum and 0.1% Triton X-100. All primary antibodies (except anti-BDNF antibody; see below for details) were incubated overnight at 4°C and secondary antibodies 1 h at room temperature. For the direct detection of TrkB protein on SVZ cells, SVZ was dissected and triturated in PBS. A 3:1 ratio of cells:Matrigel was then applied to a glass coverslip, allowed to solidify 1 h in a humidified incubator, then fixed 10 min with 4% PFA. The cell sample was then used for immunocytochemical detection as described above. BDNF immunohistochemistry. Adult mice were perfused with AcetateBuffered Saline (ABS; 5% acetic acid in 0.9% saline, pH 3.0) (Zhou et al., 1994) . This perfusion method is not compatible with BrdU labeling. Thus, BDNF and BrdU immunostainings on pump-infused animals were performed on different mice. Brains were then removed and immediately frozen in methyl butane at Ϫ40°C and 10-m-thick sections were cut on a cryostat. Before use, sections were thawed/dried at room temperature for 10 min and fixed 10 min in 100% methanol prechilled at Ϫ20°C. Sections were then incubated with 3% H 2 O 2 (diluted in PBS) 30 min at room temperature to inactivate endogenous peroxidase activity. Tissue was blocked 1 h at room temperature with 3% bovine serum albumin (BSA) and 10% serum, and then incubated for 4 overnights at 4°C with a rabbit anti-BDNF antibody (see Table 2 ). We then used a biotinylated donkey anti-rabbit secondary antibody (Jackson Immunoresearch; 1 h at room temperature) and Vector Laboratories ABC kit and DAB substrate to stain the tissue.
pTrkB immunohistochemistry. The antibody against phosphorylated TrkB receptor was a kind gift from Moses Chao (see Table 2 ). Vibratome sections were blocked 1 h at room temperature with 8% normal goat serum and 0.1% Triton X100 in TBS, then washed once with TBS and incubated with pTrkB antibody overnight at room temperature, then 48 h at 4°C (1:200, or 0.9 g/ml, diluted in 2% normal goat serum and 0.01% Triton X100 in TBS).
Cell culture. To test the specificity of the pTrkB antibody, we cultured E18 Sprague Dawley rat hippocampal neurons as described by Bath et al. (2008) . Dissected tissue was triturated by repeated pipetting through a 1 ml Rainin pipette tip, resuspended in Neurobasal medium supplemented with B27, L-glutamine (0.5 mM) and antibiotics/antimicotics, and plated at 5 ϫ 10 6 cells/well in a 6-well plate coated overnight with poly-D-lysine (0.01 mg/ml). After 3 d in culture, the cells were exposed to 50 ng/ml BDNF for 10 min. We then collected the cultured cells in RIPA buffer and processed for Western blot analysis (supplemental Fig. 4 N, available at www.jneurosci.org as supplemental material).
All other cultures were performed with tissue obtained from 1-to 3-d-old mice, except SVZ astrocyte cultures (supplemental Fig.   11 A, D,G, available at www.jneurosci.org as supplemental material), which were derived from adult mice. Dissected tissue was digested in 0.25% trypsin/0.02% versene (adult tissue only) and triturated by repeated pipetting through a 1 ml Rainin pipette tip. All cultures were grown on laminin-coated plastic or poly-D-lysine/laminin-coated glass. SVZ and cortical astrocytes were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), L-Glutamine (2 mM) and antibiotics/antimicotics. To allow neurogenesis to occur from SVZ astrocytes, cells were grown to confluence, then changed to a serum-free medium of Neurobasal-A/B27-A for 6 d (supplemental Fig. 11 B, E,H, available at www.jneurosci.org as supplemental material). SVZ neuroblasts were purified by differential adhesion (Lim and Alvarez-Buylla, 1999) : freshly dissociated SVZ cells were plated on laminin-coated plastic flasks in DMEM/10% FBS and incubated overnight at 37°C, allowing astrocytes to attach to the bottom, whereas neuroblasts are still unattached. By collecting the culture medium after this overnight incubation, we can obtain a cell suspension enriched for SVZ neuroblasts and depleted of astrocytes. Neuroblasts purified in this manner were then plated at 50000 cells/cm 2 on a cortical astrocyte monolayer in Neurobasal-A/B27-A medium and cultured for 5 d (supplemental Fig.  11C , F, I, available at www.jneurosci.org as supplemental material). All cultures were fixed by aspirating culture medium and directly adding 4% PFA for 10 min at room temperature. BrdU was added to culture medium at a final dose of 10 M 1 h (SVZ astrocyte subconfluent cultures; supplemental Fig. 11 A, D,G, available at www.jneurosci.org as supplemental material) or 12 h (SVZ neurogenic cultures; supplemental Fig.  11 B, E,H, available at www.jneurosci.org as supplemental material) before fixing cells.
Dorsal root ganglia cultures. Whole dorsal root ganglia (DRG) were dissected from E12.5 wild-type mouse embryos and cultured as explants on glass slides coated with poly D-lysine and laminin. Culture medium consisted of F14 medium with insulin (10 mg/ml), transferrin (5 g/ml), bovine serum albumin (0.35% w/v), progesterone (60 ng/ml), putrescine (16 g/ml), sodium selenite (38 ng/ml), L-thyroxine (400 ng/ml) and tri-iodo thyronine (314 ng/ml). Medium was supplemented with BDNF (0, 10, 50 or 100 ng/ml). Two days later, medium was replaced and cytosine arabinoside (10 M) and aphydicolin (10 g/ml) were added to block cell proliferation. After being cultured for a total of 3 d, cells were fixed 10 min in 4% PFA and processed for immunocytochemistry.
Surgical procedures. For all surgical procedures, mice were anesthetized with Avertin (adults) or on ice (newborns) and rats with Ketamine/ Xylazine, and their heads were immobilized on a stereotaxic apparatus. For adult mice and rats, buprenorphine was injected to minimize postsurgery pain. For AraC infusions, Ara-C (2%, Sigma) in vehicle (0.9% saline) or vehicle alone was infused onto the surface of the brain of adult CD-1 male mice (3 months) with a mini-osmotic pump (Alzet, model 1007D; flow rate 0.5 l/h, 7 d pump) as previously described (Doetsch et al., 1999b) . Cannulas were implanted onto the surface of the brain at anterior 0 mm, lateral 1.1 mm relative to Bregma. This treatment produced no lesion on the ventricular cavities or in the SVZ. After 6 d of infusion, mice were killed immediately and cut on cryostat for analysis. For BDNF infusions, mini-osmotic pumps (0.5 l/h, 14 d pumps, Alzet) were filled with 1 mg/ml BDNF in vehicle solution (0.9% saline with 0.1% BSA) or vehicle alone. BDNF was a gift of Regeneron Pharmaceuticals. Pumps were then implanted onto the skull of CD-1 adult male mice (P90, ϳ40 g weight) at Ϫ0.2 mm anteroposterior and 0.95 mm lateral relative to Bregma; pump cannula was cut at 2.7 mm length so that it would penetrate the lateral ventricle. Pumps were also implanted onto the skull of adult male Sprague Dawley rats (ϳ250 g weight) at 0 mm anteroposterior and 1.6 mm lateral relative to Bregma; pump cannula was cut at 4.5 mm length so that it would penetrate the lateral ventricle. Accurate pump placement was visually confirmed for all animals after cryostat sectioning of the brains. For grafting experiments, we dissected and triturated the SVZ of postnatal day 1 (P1) TrkB:Tau-LacZ/GFP and wild-type/GFP mice, then grafted the cell suspensions into CD-1 adult mice using a stereotaxic apparatus (bilateral injections into the SVZ at 2 different coordinates: anterior 0.5 mm, lateral 1.1 mm, depth 1.7 mm; anterior 1 mm, lateral 1 mm, depth 2.3 mm relative to Bregma and brain surface; 4 injections total) as previously described (Kohwi et al., 2005) . Brains were processed and cut on vibratome for analysis.
Quantifications. To measure proliferation rates in the SVZ of neonatal TrkB-KO and WT mice (see Fig. 4 A, D), we randomly selected 4 sections of anterior SVZ in each mouse to photograph the dorsal SVZ using a 20ϫ objective. All pH3 ϩ cells within each picture were counted, totaling 412 (TrkB-WT) or 198 (TrkB-KO) pH3 ϩ cells counted; n ϭ 6 WT and 4 KO mice. We then measured SVZ cell density (total DAPI ϩ cells/unit area) and the SVZ area counted in each animal to obtain the number of pH3 ϩ cells/thousand cells in the SVZ.
To measure apoptosis in the SVZ and OB of neonatal TrkB-KO and WT mice (see Fig. 4 B, C, E, F ), 5 sections of anterior SVZ or OB were selected at 30 m intervals and all TUNEL ϩ cells in both SVZs or both OBs of each section were counted under a fluorescence microscope. A total of 108 (WT SVZ), 123 (KO SVZ), 173 (WT OB) and 228 (KO OB) TUNEL ϩ cells were counted; n ϭ 6 WT and 4 KO mice. We then measured SVZ and OB cell density (total DAPI ϩ cells/unit area) and the SVZ or OB area counted in each animal to obtain the number of TUNEL ϩ cells/thousand cells in these tissues.
To compare overall neurogenic levels in TrkB heterozygous and WT mice, we counted BrdU ϩ cells in the OB of mice injected with BrdU at P21 and killed 15 d later at P36. For each mouse, 5 OB 50 m vibratome sections were selected for counting, both anterior and posterior to the anterior-most region of the accessory OB. Pictures covering all layers of the OB (but only a small part of the section) were taken of each section in all mice. We then counted all BrdU ϩ cells in focus in each picture, totalling 1190 (WT) and 1486 (heterozygotes) cells; n ϭ 3 WT and 4 heterozygous mice.
To compare the survival of TrkB-KO and WT neurons in the OB (see To determine the proliferation rate of SVZ astrocytes cultured for 7 d in the presence or absence of BDNF (supplemental Fig. 11 A, D,G, available at www.jneurosci.org as supplemental material), BrdU ϩ cells were counted from nonoverlapping pictures taken with a 20ϫ objective at fixed intervals across the middle of the culture wells. The number of pictures counted totaled 36/condition for one experiment (2 conditions: No BDNF and 100 ng/ml BDNF; 12 pictures/well, 3 replicates/experiment) and 24 for each of 2 additional experiments (12 pictures/well, 2 replicates/experiment). A total of 4038 or 2843 cells were counted (No BDNF and BDNF, respectively), n ϭ 3 experiments/group.
To determine the proliferation rate of neuroblasts generated in culture by a monolayer of SVZ astrocytes in the presence of varying amounts of BDNF (supplemental Fig. 11 B, E,H, available at www.jneurosci.org as supplemental material), Tuj1 ϩ and Tuj1 ϩ /BrdU ϩ cells were counted from nonoverlapping pictures taken with a 10ϫ objective at fixed intervals across the middle of the culture wells. The number of pictures counted totaled 16/condition and 14/condition for two experiments (3 conditions: No BDNF, 10 and 100 ng/ml BDNF; 8 pictures/well and 7 pictures/well, 2 replicates/experiment) and 8/condition for each of 2 additional experiments (4 pictures/well, 2 replicates/experiment). A total of 5582, 6269 or 7446 cells were counted (No BDNF, 10 and 100 ng/ml BDNF respectively).
To determine the survival/proliferation of SVZ neuroblasts in the presence or absence of BDNF and with or without TrkB (supplemental Fig. 11C , F, I, available at www.jneurosci.org as supplemental material), GFP ϩ /Tuj1 ϩ cells were counted from pictures of cells cultured in each of these conditions. Nonoverlapping pictures were taken with a 10ϫ objective at fixed intervals across the middle of the culture wells, but only the top half of each picture was counted because of the high numbers of cells (numbers presented are an extrapolation of cells/picture from those countings). The number of pictures counted totaled 18/condition (6 pictures/well, 3 replicates/experiment). A total of 2946 cells (TrkB-WT, No BDNF), 2179 cells (TrkB-KO, No BDNF), 2648 cells (TrkB-WT, 100 ng/ml BDNF) or 2614 cells (TrkB-KO, 100 ng/ml BDNF) were counted, n ϭ 2 experiments/group.
To determine the proliferation rates in the SVZ of BDNF and vehicleinfused mice (see Fig. 6C ,E), pH3 ϩ cells were counted in 28 10 m cryostat sections in each mouse, ipsilateral to pump side, at 50 m intervals (spanning a total of 1350 m). Counted sections were taken from the anterior-most region of the lateral ventricle (1.2 mm rostral to Bregma) to the site of entry of the pump cannula into the ventricle (0.2 mm caudal to Bregma) and the entire SVZ in each picture was counted under a fluorescence microscope. A total of 2414 or 1872 pH3 ϩ cells were counted (vehicle or BDNF-infused mice, respectively), n ϭ 5 mice/group.
To determine the apoptosis rates in the SVZ of BDNF and vehicleinfused rats, TUNEL ϩ cells were counted in 24 -36 12 m cryostat sections in each rat, ipsilateral to pump side, at 60 m intervals (spanning a total of 1380 -2100 m). Counted sections were taken from the anteriormost region of the lateral ventricle (1.4 -2.1 mm rostral to Bregma) to the site of entry of the pump cannula into the ventricle (Bregma level) and the entire SVZ in each picture was counted under a fluorescence microscope, excluding sections in which SVZ was significantly damaged by the cannula. A total of 424 or 239 TUNEL ϩ cells were counted (vehicle or BDNF-infused mice, respectively), n ϭ 6 rats for vehicle and 5 rats for BDNF group. We then estimated the total number of TUNEL ϩ SVZ cells within the area sampled for quantification by multiplying the number of TUNEL ϩ cells/section counted by the total number of sections collected within that area in each animal.
To determine the proliferation rates in the SVZ of BDNF and vehicleinfused rats, pH3 ϩ cells were counted in 24 12 m cryostat sections in each rat, ipsilateral to pump side, at 60 m intervals (spanning a total of 1380 m). Counted sections were taken from the anterior-most region of the lateral ventricle (1.4 mm rostral to Bregma) to the site of entry of the pump cannula into the ventricle (Bregma level) and the entire SVZ in each picture was counted under a fluorescence microscope, excluding sections in which SVZ was significantly damaged by the cannula. A total of 3276 or 2498 pH3 ϩ cells were counted (vehicle or BDNF-infused mice, respectively), n ϭ 6 rats/group.
To determine the number of Mash1 ϩ cells in the SVZ of BDNF and vehicle-infused rats, we used a 20ϫ objective to take 4 pictures of the dorsal SVZ of each rat analyzed, ipsilateral to pump side (each picture covers a field of 591 ϫ 444 m). Pictures were taken at ϳ360 m intervals, spanning the same region of the rostro-caudal axis analyzed for pH3 quantifications and all Mash1 ϩ cells therein were counted. A total of 2397 or 1803 Mash1 ϩ cells were counted (vehicle or BDNF-infused mice, respectively), n ϭ 6 rats/group.
To determine the number of new neurons added to the OB during the course of BDNF or vehicle infusions in mice (see Fig. 6 D, F ) and rats (see Fig. 8C ), BrdU ϩ cells were counted from pictures of OB sections. Three OB sections at 500 m (mice) or 1200 m (rats) intervals from each other were selected from the OB ipsilateral to the pump of each animal. Sections were considered of equivalent regions between animals because the location of the accessory OB (AOB) was used as a landmark, making sure the third section selected for each animal was immediately before (mice) or at (rats) the appearance of the AOB. For mice, a total of 6 nonoverlapping pictures were taken with a 10ϫ objective for each OB section selected, covering 90 -100% of the section (depending on section size). For rats, a total of 8 nonoverlapping pictures were taken with a 10ϫ objective for each OB section selected, covering 80 -90% of the section. All of the BrdU ϩ cells in these pictures were counted. A total of 5278 or 5212 BrdU ϩ cells (vehicle or BDNF-infused mice, respectively) were counted, n ϭ 5 mice/group. A total of 12773 or 10491 BrdU ϩ cells (vehicle or BDNF-infused rats, respectively) were counted, n ϭ 5 rats for vehicle group and 6 rats for BDNF group. Colabeling and counting of BrdU and the lineage markers HuC/D, Iba1 and Olig2 was performed separately on each of the 3 OB sections/animal used for the total BrdU quantifications (n ϭ 5 mice/group or n ϭ 2 vehicle rats and 3 BDNF rats; in each case, the first section was used for BrdU/HuC/D labeling, the second for BrdU/Iba1 and the third for BrdU/Olig2). OB BrdU quantifications for the rat infusion experiment in which BrdU was injected only on experimental day 4 (supplemental Fig. 12C , available at www.jneurosci.org as supplemental material) were performed as described above for the first rat infusion experiment, with the exception that 7 nonoverlapping pictures, rather than 8, were taken of each OB section used for quantification. A total of 9385 or 7046 BrdU ϩ cells (vehicle or BDNF-infused rats, respectively) were counted, n ϭ 6 rats for vehicle group and 5 rats for BDNF group.
Results

RT-PCR characterization of neurotrophins and their receptors in the SVZ
We used semiquantitative RT-PCR to characterize the expression of multiple neurotrophins (CNTF, GDNF, NGF, NT3, NT4, BDNF) and their receptors (CNTFR, gp130, GFR␣1, Ret, p75, TrkA, TrkB, TrkC) (Table 1; see Fig. 1 legend for details) (for review, see Neet and Campenot, 2001) in the adult mouse SVZ (Fig. 1 A, 
B).
Because it is not possible to obtain RNA from the SVZ without some contamination from the adjacent striatum, we included in our analysis RNA collected from striatum close to the SVZ and compared expression levels between the two tissues. We found that TrkB is the most abundant neurotrophin receptor in SVZ samples (Fig. 1 A) . TrkB is also the only receptor whose expression is significantly enriched in SVZ when compared with striatum. This enrichment seems to be caused by high levels of expression of TrkB-TR isoform, because TrkB-FL was detected at lower levels and showed no enrichment in the SVZ. Other neurotrophin receptors, such as CNTFR and TrkC, were also detected in SVZ samples, but their expression level was very similar in striatal samples, which might have contributed to some of the SVZ signal. However, based on this analysis, we cannot discard possible roles for TrkC and CNTFR in the SVZ.
Neurotrophin expression levels in the SVZ were in general extremely low and none seemed to be enriched in the SVZ when compared with striatum ( Fig. 1 B) . We looked at the expression of neurotrophins from the choroid plexus, which secretes many of the cerebral spinal fluid (CSF) components and is thus a possible distant source of neurotrophins for SVZ cells. As in the SVZ, most neurotrophins were detected at low levels, with the exception of the TrkB ligand NT4 (Fig. 1C) .
Based on these results as well as those of previous publications (Zigova et al., 1998; Benraiss et al., 2001) , the neurotrophin signaling molecules most likely to play a role in adult SVZ neurogenesis are the receptor TrkB and its ligands. Therefore, we decided to further characterize these molecules in the context of SVZ neurogenesis.
Expression of BDNF and TrkB in SVZ
Consistent with the results presented in Figure 1 , in situ hybridization revealed very low levels of BDNF mRNA in the adult TTT GAC GAA TTC ACC A  ATG TAT TCC TTC CCT GCG TAG G  gp130  CTC ACA CGG AGT ACA CGC TGT C  CTC TTG GAA GGA TCA GGA ACA TTA G  GFR␣1  GGA CAA TAC GTG TCT CAA AAA TGC  ATT ATC AGA AAG ACA GAG ATG TGT ACT GC  Ret  GGC TGT CCC GAG ATG TTT ATG  GTA CAT TTC CTC GCT GCA GTT mouse SVZ (Fig. 2 A, B) . Nonetheless, low levels of BDNF protein were detected in the SVZ, suggesting that cells in this neurogenic niche may be exposed to endogenous BDNF (Fig. 2C) . We then analyzed the expression of TrkB in the SVZ by immunohistochemistry and confocal microscopy, using a TrkBspecific antibody (Fig. 2 D-G) as well as a TrkB:Tau-LacZ reporter mouse line (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material) (see Materials and Methods for details). Both methods confirmed abundant expression of TrkB in the adult SVZ. TrkB is strongly expressed in ependymal cells (Fig. 2 D; supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). Using cell typespecific markers, we could also detect TrkB in many GFAP ϩ astrocytic type B cells in the SVZ (Fig. 2 D; supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). To label slowly dividing cells in the SVZ (Morshead et al., 1994; Chiasson et al., 1999; Doetsch et al., 1999b) , we administered BrdU to adult mice for 1 week, followed by a 3 week chase period before sacrificing the mice. Many of the BrdU-retaining cells in the SVZ, which are thought to include locally differentiated cells as well as stem cells, expressed the reporter product ␤-Gal (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material), thus raising the possibility that stem cells themselves are TrkB ϩ . We found that TrkB does not colocalize with PSA-NCAM, a marker for migrating neuroblasts produced in the SVZ (Fig. 2 E; supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material). ␤-Gal colocalization with GFAP and not with PSA-NCAM was also observed in the adult mouse RMS (supplemental Fig. 1C ,E, available at www. jneurosci.org as supplemental material). To confirm this finding, we immunolabeled acutely dissociated SVZ cells from early postnatal pups with an antibody specific for the extracellular domain of TrkB. The SVZ cells were fixed and stained 1 h after dissociating the tissue, so that the staining would more accurately reflect the in vivo expression of TrkB. As a control for possible nonspecific labeling by the antibody used, we processed cells isolated from TrkB knock-out (TrkB-KO) and wild-type (WT) littermates in parallel. Nearly all TrkB ϩ cells were negative for the neuroblast markers Tuj1 (Fig. 2 F, 68 of 70 cells) and Dcx (Fig. 2G, 36 of 38 cells) . We also used two additional anti-TrkB antibodies to characterize TrkB expression in SVZ sections, both of which gave results consistent with the data mentioned above (supplemental Fig. 2 A-E, available at www.jneurosci.org as supplemental material; Table 2 ). Furthermore, tissue from adult TrkB:Tau-LacZ reporter mice was stained by ␤-Gal enzymatic reaction and analyzed at the electron microscope. Again, ependymal cells and type B cells were heavily labeled with ␤-Gal precipitates, whereas neuroblasts were not (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material).
These results were unexpected because recent publications have reported TrkB expression in vivo on SVZ neuroblasts and not on astrocytes (Chiaramello et al., 2007; Bath et al., 2008) . However, the staining obtained with the antibody used by Chiaramello et al. (2007) (supplemental Fig. 2 F, G) is opposite to that of the 3 other TrkB antibodies we used in this study (Fig. 2 D-G; supplemental Fig. 2 A-E, available at www.jneurosci.org as sup- plemental material). We confirmed the specificity of 2 of these antibodies by Western blot and immunohistochemistry ( Fig.  3G; supplemental Fig. 2C , available at www.jneurosci.org as supplemental material), whereas the antibody used in Chiaramello et al. (2007) did not reveal any bands (supplemental Fig. 2 H, available at www. jneurosci.org as supplemental material). The anti-phosphorylated TrkB (pTrkB) antibody used by Bath et al. (2008) appears to detect phosphorylated TrkB receptor in Western blots from cultured E18 rat hippocampal neurons stimulated with 50 ng/ml BDNF for 10 min (supplemental Fig. 4 N, available at www.jneurosci.org as supplemental material). However, in untreated adult mouse SVZ extracts, this antibody seems to detect another, unknown antigen: pTrkB antibody strongly bound to one or more proteins of ϳ80 kDa, whereas no bands were visible at the weights of known TrkB isoforms (95 or 145 kDa, supplemental Fig. 4 M, available at www.jneurosci.org as supplemental material). Additionally, this antibody labeled TrkB-KO cells that were grafted into a WT brain (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material).
Cells in SVZ and RMS express the truncated isoform of TrkB
The TrkB receptor exists in two different isoforms, full-length (TrkB-FL) and truncated (TrkB-TR), generated by alternative splicing (Klein et al., 1989 (Klein et al., , 1990 Middlemas et al., 1991) . TrkB-FL is responsible for most known effects of TrkB activation, whereas TrkB-TR functions are poorly understood. These isoforms differ greatly in their intracellular signaling ability because of the absence of the intracellular kinase domains in TrkB-TR. Because we could not discriminate between these two isoforms by immunohistochemistry alone, we performed in situ hybridization with a probe specific for TrkB-FL as well as with one that recognizes all TrkB isoforms (TrkB-all). Consistent with all of the data described above, TrkB mRNA in the adult mouse SVZ was abundant in some cells but undetectable in others. Typically, TrkB-all ϩ cells were distributed in ringlike patterns surrounding unlabeled cells (Fig. 3A) . Such staining likely reflects the known distribution of SVZ type B cells surrounding chains of migrating neuroblasts (Jankovski and Sotelo, 1996; Lois et al., 1996; Peretto et al., 1997) . TrkB was also strongly expressed in the adult mouse RMS, exhibiting a pattern very similar to that of the SVZ (Fig. 3B) . Strikingly, the expression of TrkB-FL was radically different, because we did not detect any TrkB-FL in either the SVZ or RMS (Fig. 3 D, E) . We found at best 1-2 TrkB-FL ϩ cells/SVZ section, contrasting with an abundance of TrkB ϩ cells when using the TrkB-all probe. Conversely, in other regions, such as the striatum (Fig. 3 A, D) and hippocampus (Fig. 3C,F ) , we noticed no major difference between the expression patterns detected by TrkB-all and TrkB-FL probes, confirming that the difference found in the SVZ and RMS is not caused by an inability of the TrkB-FL probe to detect mRNA transcripts. To corroborate this finding at the protein level, we characterized TrkB expression by Western blot in SVZ and striatal samples from adult CD1 mice, which allowed us to distinguish TrkB-FL and TrkB-TR isoforms by molecular weight (145 kDa and 95 kDa, respectively). As predicted by the in situ hybridization data, the great majority of TrkB protein detected in SVZ samples was of the truncated isoform (Fig. 3G) . A light band of TrkB-FL protein was detected in SVZ samples. This band may come from the inevitable contamination of SVZ samples with striatal tissue, where TrkB-FL was detected by in situ hybridization as well as by Western blot. Based on both mRNA localization and protein analysis, we conclude that the bulk of the TrkB found in the SVZ and RMS consists of the truncated isoform of the receptor. Consistently, we detected numerous TrkB-TR ϩ cells in adult SVZ sections using an antibody specific to this receptor isoform (supplemental Fig. 2 A, B , available at www.jneurosci.org as supplemental material).
It was possible that the low levels of TrkB-FL in the SVZ were the result of a low level of stem cell proliferation under normal conditions. We therefore decided to characterize the expression of TrkB-TR and TrkB-FL in the SVZ after infusing the brain with the antimitotic drug cytosine-␤-D-arabinofuranoside (AraC). This treatment eliminates rapidly proliferating cell types from the SVZ (type C cells and neuroblasts), whereas many type B cells survive and ependymal cells are largely unaffected. After termination of AraC treatment, SVZ type B cells become activated and regenerate the neurogenic niche (Doetsch et al., 1999a) . Using a microosmotic pump, we infused AraC unilaterally onto the surface of the brain of adult mice for 6 d and killed the mice immediately thereafter. We found that TrkB receptor was still detected at high levels in the SVZ with the TrkB-all in situ probe but not with the TrkB-FL probe (supplemental Fig. 6C ,E, available at www. jneurosci.org as supplemental material). Therefore, eliminating the majority of type C cells and neuroblasts from the SVZ does not affect the expression of TrkB isoforms in this region. This result confirms that type B and ependymal cells are the main source of TrkB in the adult mouse SVZ and suggests that, even when challenged to repopulate the SVZ, these cells express only the truncated isoform of TrkB.
Neurons from TrkB-KO grafts survive, mature, and integrate in the OB The above results show that TrkB-TR is expressed in the SVZ and RMS (Figs. 1 A,  2D-G, 3 ; supplemental Figs. 1-3, available at www.jneurosci.org as supplemental material). We used TrkB-KO mice to determine whether this signaling pathway is required for SVZ neurogenesis. Because these mice do not survive beyond 1-3 d after birth, we performed our analysis on newborn, postnatal day 0 (P0) brains. We found that proliferation, as measured by phosphorylated histone H3 (pH3) labeling, is reduced by 25% in the SVZ of TrkB-KO mice (Fig. 4 A, D; 7.8 versus 10.4 pH3 ϩ cells/10 3 cells in WT vs TrkB-KO mice; SEM ϭ 0.6 for both groups; p ϭ 0.019 by Student's t test). Apoptosis in TrkB-KO mice, as measured by TUNEL, is 87% higher in the SVZ (Fig. 4 B, E; 376 vs 701 TUNEL ϩ cells/10 6 cells in WT vs TrkB-KO mice; SEM ϭ 77 vs 61 respectively; p ϭ 0.016) and 74% higher in the OB (Fig. 4C,F ; 248 vs 432 TUNEL ϩ cells/10 6 cells in WT vs TrkB-KO mice; SEM ϭ 11 vs 52 respectively; p ϭ 0.003). To determine whether these defects in proliferation and survival result in fewer neurons added to the OB, we labeled a cohort of cells in TrkB heterozygous and WT littermates by injecting BrdU at P21 and killing the mice 15 d later. Consistent with the results described above, we detected a statistically not significant decrease in BrdU ϩ cells in the OB of TrkB heterozygotes (14.2% decrease, p ϭ 0.098, n ϭ 3 WT and 4 heterozygous mice). However, both homozygous and heterozygous TrkB mutant mice have various other defects unrelated with the SVZ, leading to death (TrkB-KO) or obesity (TrkB ϩ/Ϫ ). Additionally, TrkB-KO mice have elevated levels of apoptosis in several other brain regions (Minichiello and Klein, 1996; Alcantara et al., 1997; Xu et al., 2000b) . It is thus difficult to determine whether the results in the SVZ are directly caused by loss of TrkB or indirectly by some of these other defects.
To circumvent the short postnatal survival of TrkB-KO mice and to avoid any indirect effects caused by the absence of TrkB throughout development, we homotopically grafted SVZ cells from TrkB-KO and WT mice into the SVZ of WT adult mice. Donor cells were labeled by a ␤-Actin:GFP transgene and were collected from P1 pups, before TrkB deficiency becomes lethal. We then waited 15, 45 or 180 d and assessed the survival and maturation of the grafted cells (Fig. 5G) . The total number of GFP ϩ cells in the granular cell layer (GCL) of recipient mice increased significantly between 15 and 180 d in both TrkB-WT and TrkB-KO grafts (Fig. 5I ) and we found numerous GFP ϩ cells in all layers of the OB. To determine the survival rate of a defined cohort of cells, grafted mice were given BrdU in the drinking water for the first 3 d after surgery. We then counted the propor- tion of BrdU ϩ cells among all GFP ϩ cells in the GCL. Grafted TrkB-WT and TrkB-KO cells had indistinguishable proportions of BrdU ϩ cells at all time points analyzed, both undergoing a ϳ50% decline between 15 and 45 d, followed by a more gradual loss after 45 d (Fig. 5J ) . Such a behavior is identical to the population dynamics described by Petreanu and Alvarez-Buylla (2002) for new neurons in the adult WT GCL. These results show that TrkB-WT and TrkB-KO interneurons face similar survival challenges in the OB. The accumulation of GFP ϩ neurons in the OB (Fig. 5I ) , together with the presence of GFP ϩ cells in the RMS even 180 d after the graft (supplemental Fig. 7 A, B , available at www.jneurosci.org as supplemental material), also show that both TrkB-WT and TrkB-KO stem cells can continuously give rise to new neurons.
TrkB may be involved in the maturation of OB interneurons rather than their survival. To address this possibility, we counted the proportion of grafted cells that express tyrosine hydroxylase (TH) or Calbindin (CalB) in the glomerular layer (GL). TH is the rate-limiting enzyme in the synthesis of the neurotransmitter dopamine and CalB is a neuron-specific Ca 2ϩ -binding protein. These molecules are expressed in distinct subpopulations of mature OB periglomerular neurons (Rogers, 1992; Kosaka et al., 1995) . Fourty five days after the graft, ϳ19% of GFP ϩ periglomerular cells were TH ϩ , irrespectively of their genotype (Fig.  5K ) . CalB expression was slightly lower at 45 d (8.5% of TrkB-KO cells were CalB ϩ , compared with 12.7% among TrkB-WT cells; Fig. 5L ). However, this difference was not statistically significant ( p ϭ 0.27 by Student's t test). At 180 d, TH expression dropped to 14.1% in TrkB-WT cells and to 7.5% in TrkB-KO cells (Fig. 5K , p ϭ 0.07 by Student's t test, not statistically significant). However, CalB expression increased to 22.9% and 19.9% among TrkB-WT and TrkB-KO grafted cells, respectively (Fig. 5L) . The observation that the proportion of TH expression among grafted cells drops between 45 and 180 d whereas that of CalB continues to rise is consistent with others' observations (Kohwi et al., 2007) and probably reflects differences in the maturation time and/or turnover rate for these different cell types.
TH and CalB expression are dependent on synaptic activity (Baker et al., 1983; Philpot et al., 1997) . The detection of TH and CalB, as well as of dendritic spines in TrkB-KO neurons (supplemental Fig. 7C ,D, available at www.jneurosci.org as supplemental material) suggests that at least some of these cells are capable of functionally integrating into the OB circuitry. Overall, the results of our grafting experiment indicate that TrkB is not essential for the production, migration and differentiation of new OB neurons, although it may be required for the maturation and longterm survival of specific cell types.
BDNF does not promote mouse neurogenesis
Although TrkB may not be required for postnatal SVZ neurogenesis, it was possible that BDNF could act through a different receptor to regulate neuron production from the SVZ. To test this hypothesis, we used microosmotic pumps to infuse a concentrated solution of BDNF (1 mg/ml) or vehicle (0.9% NaCl with 0.1% bovine serum albumin) into the lateral ventricle of WT adult mice for 14 d. BDNF delivered intraventricularly has previously been shown to penetrate the brain parenchyma deep enough to reach cells in the SVZ (Yan et al., 1994; Anderson et al., 1995) .
To determine the proliferation rate in the SVZ, we immunostained for pH3 and counted the number of pH3 ϩ cells. We found that BDNF-infused mice had 22.5% fewer pH3 ϩ cells in the SVZ ipsilateral to the pump implant when compared with vehicle-infused mice (Fig. 6C,E; 17.2 vs 13.4 pH3 ϩ cells/section in vehicle vs BDNF-infused mice; SEM ϭ 1.6 and 0.4 respectively; p ϭ 0.048 by Student's t test).
Intracerebroventricular BDNF administration has previously been shown to significantly increase the number of new cells added to the OB (Zigova et al., 1998; Benraiss et al., 2001) . We therefore analyzed the OB of the mice we had infused with BDNF and vehicle for 14 d. To label newly generated cells, mice were injected with BrdU every 4 d, starting on the fourth day after pump implantation and ending 2 d before the mice were killed (Fig. 6 A) . Consistent with previous reports (Zigova et al., 1998; Benraiss et al., 2001) , the vast majority of BrdU ϩ cells in the OB were neuronal (90.3% in vehicle-infused and 86.5% in BDNFinfused mice, as determined by HuC/D staining). Small numbers of BrdU ϩ cells were identified as Olig2 ϩ oligodendroglia (4.3% in vehicle-infused and 4.2% in BDNF-infused mice) and Iba1 ϩ microglia (0.9% in vehicle-infused and 1.1% in BDNF-infused mice). Surprisingly, though, we did not detect any difference in the total number of BrdU ϩ cells in the OB after 14 d of BDNF infusion (Fig. 6 D, F ; 352 vs 348 BrdU ϩ cells/OB section in vehicle vs BDNF-infused mice; SEM ϭ 26 and 42 respectively; p ϭ 0.93 by Student's t test). This result differs from previous findings, which reported 2 to threefold increases in BrdU ϩ cells in the OB of BDNF-treated rats (Zigova et al., 1998; Benraiss et al., 2001 ). However, we did observe other known effects of BDNF: the weight of BDNF-infused mice dropped continuously, averaging 31.4% less than that of control mice by the 14th day of treatment (Fig. 6 B) . Benraiss et al. (2001) reported a similar weight loss during their experiment. Because BDNF is a known appetite suppressant, (Pelleymounter et al., 1995; Kernie et al., 2000; Xu et al., 2003) , this observation confirms that BDNF was being delivered and was biologically active throughout our experiment. As further corroboration of the quality of our BDNF solution, we observed that dorsal root ganglia (DRG) neurons responded to as little as 10 ng/ml BDNF in vitro with extensive neurite outgrowth and an increased number of surviving neurons (supplemental Fig. 8 , available at www.jneurosci.org as supplemental material) (Lindsay et al., 1985; Davies et al., 1986) . At the end of the experiment, all pump reservoirs were nearly empty. Additionally, we visually confirmed on brain sections that the pump cannula penetrated into the lateral ventricle lumen in all mice analyzed (supplemental Fig. 9 A, B , available at www.jneurosci.org as supplemental material) and we immunolabeled SVZ sections of pumpimplanted mice with a BDNF antibody to confirm the protein was being delivered (supplemental Fig. 10 , available at www. jneurosci.org as supplemental material).
These findings are consistent with our in vitro observations. Adult SVZ astrocytes were cultured in subconfluent conditions with or without BDNF for 7 d, then labeled for 1 h with BrdU (supplemental Fig. 11 A, D , available at www.jneurosci.org as supplemental material). Alternatively, SVZ astrocytes from P3 pups were grown to confluence and then allowed to generate neuroblasts in the presence or absence of BDNF for 6 d. We then added BrdU for 12 h before fixing the cultures (supplemental Fig.  11 B, E, available at www.jneurosci.org as supplemental material). BDNF did not increase the number of labeled SVZ astrocytes or neuroblasts (supplemental Fig. 11G ,H, available at www. jneurosci.org as supplemental material). We also cultured TrkB-KO and WT SVZ neuroblasts purified from GFP ϩ P3 pups on a feeder layer of GFP Ϫ , non-neurogenic cortical astrocytes (supplemental Fig. 11C,F , available at www.jneurosci.org as supplemental material). Neither exposure to the BDNF ligand nor deletion of the TrkB receptor affected the total number of neuro-blasts after 5 d (supplemental Fig. 11 I, available at www.jneurosci.org as supplemental material) (see Materials and Methods for details).
Overall, our results suggest that BDNF delivered to the ventricle does not significantly enhance adult neurogenesis, contrary to what other laboratories have reported (Zigova et al., 1998; Benraiss et al., 2001) , nor does it seem to affect proliferation or survival of SVZ astrocytes and neuroblasts in short-term cultures.
BDNF inhibits rat neurogenesis
One possible cause for the contradiction between the results reported above and those published by other groups is that we used mice as model organisms for our BDNF infusion experiments, whereas others used rats. Therefore, we tested whether mice and rats might differ in their ability to respond to BDNF, perhaps as a result of species-specific differences in expression of BDNF receptors. By in situ hybridization, we found considerable levels of TrkB mRNA in the adult rat SVZ, with the ependymal layer prominently labeled as well as patches of cells within the SVZ (Fig.  7A) . However, as in mice, virtually no TrkB-FL was detected in the rat SVZ (Fig.  7D ). This result shows that expression of TrkB isoforms is very similar in adult mice and rats.
We also characterized the SVZ expression of the low affinity neurotrophin receptor p75, to which BDNF also binds. Based on the staining pattern obtained with 2 different anti-p75 antibodies (detecting the receptor's intracellular or extracellular domains; see Materials and Methods), p75 is expressed by few cells in the adult mouse SVZ and RMS (Fig. 7C,F ) (data not shown). This result is consistent with the low levels of p75 mRNA detected in the SVZ by RT-PCR (Fig. 1 A) . In adult rats, however, many more SVZ cells express p75 ( Fig. 7 B, E) . We found large numbers of p75 ϩ cells from the subcallosal area to the ventral tip of the lateral ventricle at all rostrocaudal levels of the rat SVZ, as well as on the medial wall of the lateral ventricle in more rostral sections. This expression pattern was confirmed using 5 different anti-p75 antibodies (detecting the receptor's intracellular or extracellular domains; see Materials and Methods). We also detected numerous p75 ϩ cells in the adult rat RMS, although their numbers gradually decreased at increasingly rostral levels (data not shown). We detected many p75 ϩ cells in the medial septum of both rats and mice (Fig. 7 B, C) , indicating that the antibodies used can function on tissue from both species. In both rats and mice, p75 ϩ cells were often Mash1 ϩ (Fig. 7 E, F ) , a transcription factor strongly expressed by type C cells (Parras et al., 2004 ). This observation is consistent with previous findings suggesting that, in the SVZ, p75 is expressed mainly by type C cells (Giuliani et al., 2004; Young et al., 2007) . We also detected p75 protein on a subpopulation of PSA-NCAM ϩ cells in rat SVZ, indicating that some type A neuroblasts also express this receptor (Fig. 7G) . p75 did not colocalize with GFAP (Fig. 7H ) .
In light of the striking difference in p75 expression in mouse and rat SVZ, we then tested whether rats would respond differently from mice to intraventricular BDNF infusions. We implanted microosmotic pumps in adult rats, delivering BDNF (1 mg/ml) or vehicle into the lateral ventricle for 14 d. As with mice, rats were injected intraperitoneally (IP) with BrdU at day 4, 8 and 12 after pump implantation, then killed at day 14 (Fig. 8 A) . Once again, the weight of BDNF-infused animals decreased, whereas Figure 6 . In vivo effect of BDNF infusion in adult mice. A, Experimental design: micro-osmotic pumps were implanted on P90 mice to infuse BDNF for 14 d; BrdU was administered every4dbyintraperitoneal injection; on day 14, mice were killed for analysis. B, Effect of BDNF infusion on mouse weight. C, E, Phosphorylated histone H3 (pH3, green) staining ipsilateral to pump implant, in SVZ of vehicle (C) and BDNF (E) infused mice. D, F, BrdU (green) staining of OB ipsilateral to pump implant in vehicle (D) and BDNF (F ) infused mice (see supplemental Fig. 12 A, available at www.jneurosci.org as supplemental material, for BrdU quantification in all OB layers). SVZ inset (C, E), pH3/Hu (green/red); OB inset (D, F ): BrdU/Hu (green/red). Blue: DAPI (all panels). Scale bars: 100 m (C-F ).
that of vehicle-infused animals increased (Fig. 8 B) . On the 14th day of infusion, BDNF-treated rats weighed 44% less than control rats, having lost on average 13.7% of their original weight, indicating that BDNF was active and was delivered into the ventricle. As further confirmation, we visually checked on brain sections that the pump cannula penetrated into the lateral ventricle lumen in all rats used in this study (supplemental Fig. 9C ,D, available at www.jneurosci.org as supplemental material). At the end of the infusion experiment, we collected the residual BDNF solution remaining in the pump of each rat separately and tested its activity using DRG cultures. DRG neurons responded strongly to BDNF in all cases (data not shown), as described above. Therefore, BDNF was delivered into the lateral ventricle and was biologically active throughout the experiment in every rat analyzed.
We stained OB sections of equivalent regions from 5 vehicle-treated and 6 BDNF-treated rats to count BrdU ϩ cells. We found that BDNF-treated rats had fewer BrdU ϩ cells in all layers of the OB ( Fig. 8C ; decrease values: 31.6% overall, p ϭ 0.02; 37.3% in OB core, p ϭ 0.02; 23.5% in granular cell layer, p ϭ 0.07; 28.7% in external plexiform layer, p ϭ 0.03; 34.1% in glomerular layer, p ϭ 0.0004; p values determined by Student's t test). As in mice, most BrdU ϩ cells were neuronal (83.4% and 77.7% in vehicle and BDNF-infused rats, respectively, based on HuC/D labeling), whereas some were labeled with the oligodendrocyte marker Olig2 (6.7% and 8.4% in vehicle and BDNFinfused rats, respectively) or with the microglial marker Iba1 (1.9% and 2.4% in vehicle and BDNF-infused rats, respectively).
We then analyzed the SVZ of the same rats to determine the cause of the apparent decrease in new neuron production among BDNF-treated animals. We found no effect of BDNF on apoptosis in the SVZ, as measured by TUNEL (374 vs 379 TUNEL ϩ cells/SVZ in vehicle vs BDNFinfused rats; SEM ϭ 41 and 45 respectively; p ϭ 0.94 by Student's t test). Using the mitosis marker pH3, we detected a 20.1%, statistically significant decrease in proliferation in the SVZ of rats infused with BDNF (23.8 vs 19.0 pH3 ϩ cells/section in vehicle vs BDNF-infused rats; p ϭ 0.04 by Student's t test). Consistent with the decrease in proliferation, we found that the number of SVZ cells labeled by Mash1, a transcription factor expressed mainly by the highly proliferative type C cells (Parras et al., 2004) , was also significantly reduced by 24.8% in BDNF-treated rats (99.9 vs 75.1 Mash1 ϩ cells/imaged dorsal SVZ field in vehicle vs BDNF-infused rats; SEM ϭ 7.6 and 4.5 respectively; p ϭ 0.02 by Student's t test).
Therefore, BDNF decreases the number of new OB neurons generated in adult rats. This effect may be caused by decreased proliferation among SVZ cells. This result is again in contrast with previous reports, which had stated that BDNF increases adult SVZ-derived neurogenesis in rats (Zigova et al., 1998; Benraiss et al., 2001) . To more accurately compare our results to those of previous publications, we repeated the BDNF infusion experiment using a BrdU administration regimen identical to what was used by Zigova et al. (1998) . We injected BDNF and vehicle-infused rats with BrdU (120 mg/kg IP) every 2 h over an 8 h period, totaling 5 injections, 4 d after the pump was implanted. Rats were infused for a total of 12 d, during which time all BDNF-infused animals lost considerable weight (35.2% less , A) shows strong staining in the ependymal layer and in some cells of the adult rat SVZ, whereas the full-length isoform of TrkB (TrkB-FL, D), although present in striatal cells, is undetectable in the rat SVZ. B, p75 was detected by immunohistochemistry in many cells at all levels of the adult rat SVZ as well as in the medial septum. C, In contrast, very little p75 staining was detected in the adult mouse SVZ, although the medial septum contained again many p75 ϩ cells. E, F, p75 ϩ cells often coexpressed the transcription factor Mash1 (red) in both rat (E) and mouse (F ) SVZ. G, H, Confocal microscopy (single image) of adult rat SVZ reveals significant coexpression of p75 (green) with the neuroblast marker PSA-NCAM (G, red) but not with the astrocyte marker GFAP (H, red). Insets show individual markers from boxed areas; arrows indicate several double-labeled cells (blue: DAPI). Scale bars: (A, D; E, F ), 100 m; (B, C), 500 m; (G, H ), 50 m.
than control rats by the 12th day of infusion, having lost on average 17.8% of their original weight), indicating that BDNF was active and was delivered into the ventricle. We then killed the rats, confirmed that pumps were emptied and that the cannula penetrated the ventricle, then counted the number of BrdU ϩ cells in the OB ipsilateral to the pump. Once again, BDNF infusions did not increase the number of BrdU ϩ cells in the OB, causing instead a slight, statistically not significant decrease (9.9% decrease, p ϭ 0.4 by Student's t test) (supplemental Fig. 12C , available at www.jneurosci.org as supplemental material).
Discussion
We report that TrkB-TR, but not TrkB-FL, is strongly expressed in adult ependymal and SVZ type B cells and that TrkB-KO progenitors grafted into a WT brain continue to generate neurons in vivo for up to 6 months. Consistently, BDNF did not increase SVZ-to-OB neurogenesis in vivo and even decreased it in rats.
TrkB is not expressed in SVZ neuroblasts
TrkB has been previously detected in the SVZ (Yan et al., 1994 (Yan et al., , 1997 . Recent publications have reported TrkB expression in vivo on SVZ neuroblasts and not on astrocytes (Chiaramello et al., 2007; Bath et al., 2008) . Our stainings with three different TrkB-specific antibodies as well as a TrkB: Tau-LacZ reporter mouse indicate that TrkB is expressed in ependyma and astrocytes but not in neuroblasts. This result was corroborated by depleting the SVZ of neuroblasts and type C cells with AraC.
TrkB has been detected in cultured, SVZ-derived neurons (Kirschenbaum and Goldman, 1995; Gascon et al., 2005) . However, TrkB levels in SVZ neuroblasts increase significantly in vitro (Gascon et al., 2005) and Kirschenbaum and Goldman (1995) stained for TrkB after 21 d in culture. Similarly, immature SVZ neuroblasts in vivo might not express TrkB until they begin maturing in the OB. In fact, we detected TrkB ϩ cells in granular and glomerular OB layers by in situ hybridization (data not shown). This scenario would be consistent with both the expression data presented here and that of Kirschenbaum and Goldman (1995) and Gascon et al. (2005) . p75 receptor expression in the SVZ Interestingly, mice and rats differ in their expression of p75. Previous work in the rat SVZ suggested that p75 is expressed mainly by proliferating, type C-like cells (Calzá et al., 1998; Giuliani et al., 2004; Young et al., 2007) . Consistently, p75 ϩ cells in the rat and mouse SVZ often colocalized with Mash1, a transcription factor expressed mainly by type C cells (Parras et al., 2004) . Surprisingly, the mouse SVZ is almost entirely devoid of p75 ϩ cells. Petratos et al. (2004) and Gascon et al. (2007) have reported similar findings. This difference might imply that mice and rats use different signaling pathways to regulate C cell behavior. We also detected p75 in a significant subpopulation of PSA-NCAM ϩ cells in the rat SVZ, suggesting a greater role for p75 in SVZ neuroblasts than previously thought. p75 activation by BDNF can induce apoptosis, particularly if not coexpressed with Trk receptors (Casaccia-Bonnefil et al., 1999; Nykjaer et al., 2005) . p75 activation can also induce cell cycle exit (Chittka and Chao, 1999; Salehi et al., 2000; Chittka et al., 2004; Wen et al., 2004; Vilar et al., 2006) and/or promote neuronal differentiation (Yamashita et al., 1999; Gascon et al., 2005) . Hypothetically, TrkB-TR expressed in ependyma and SVZ astrocytes could control survival and/or differentiation of p75 ϩ type C cells and neuroblasts in a non-cell-autonomous manner, by limiting these cells' access to BDNF. Indeed, Biffo et al. (1995) have proposed that TrkB-TR ϩ glia can form a barrier to BDNF diffusion in the brain, confining this neurotrophin's actions to specific regions.
Does TrkB play a role in postnatal neurogenesis?
Our grafting experiment shows that TrkB is not essential cellautonomously for SVZ neurogenesis. TrkB-KO mice exhibited fewer proliferating cells and more apoptotic cells in the SVZ and Figure 8 . In vivo effect of BDNF infusion in adult rats. A, Experimental design: micro-osmotic pumps were implanted on ϳ250 g rats to infuse BDNF or vehicle for 14 d; BrdU was administered every 4 d by intraperitoneal injection; on day 14, rats were killed for analysis. B, Effect of BDNF infusion on rat weight. C, Quantification of BrdU staining in rat OB ipsilateral to pump; results are presented for all OB layers together (Total) as well as for each individual layer (Core; GCL, granular cell layer; EPL, external plexiform layer; GL, glomerular layer; AOB, accessory olfactory bulb). D, Summary of quantifications for mouse (Ms) and rat BDNF infusion experiments (in both of which new OB cells were labeled with 3 BrdU injections, 4 d apart from each other); p values represent statistical significance by Student's t test; *p Ͻ 0.05, ***p Ͻ 0.001. n ϭ 5 animals/group for all mouse quantifications; n ϭ 6 animals/group for all rat quantifications, except BrdU (n ϭ 5 Vehicle rats, 6 BDNF rats) and TUNEL (n ϭ 6 Vehicle rats, 5 BDNF rats) quantifications. All values represent average Ϯ SEM.
OB at birth, and 1 month-old TrkB heterozygotes had fewer new OB cells than controls. These effects are likely the result of the constitutive nature of these mutants: TrkB-KO mice also have increased apoptosis in the dentate gyrus, cortex, striatum, thalamus and cerebellum (Minichiello and Klein, 1996; Alcantara et al., 1997; Xu et al., 2000b) .
Our data suggest that TrkB is not essential for survival of most new OB neurons. However, TrkB may have a selective role in regulating the maturation/survival of specific interneuron subtypes, rather than a generalized effect on SVZ neurogenesis. In fact, our results suggest that dopaminergic periglomerular interneurons are more affected by TrkB loss than other cell types analyzed. Because TH expression is activity-dependent (Baker et al., 1983) , this effect could be the result of the known role of TrkB in the development of dendritic branches, synaptic formation and plasticity (McAllister et al., 1999; Cohen-Cory, 2002) . TrkB may be important for other OB subpopulations not examined in this work. It was recently reported that loss of BDNF selectively decreases the number and dendritic complexity of Parvalbumin ϩ neurons in the OB external plexiform layer (Berghuis et al., 2006) . Because few/no Parvalbumin ϩ cells were made from our grafts after 6 months, we were unable to determine the effect of TrkB-KO on these neurons. For similar reasons, we also could not study the Calretinin ϩ OB interneuron subpopulation.
BDNF does not increase neuroblast production in vivo
Our results suggest that exogenous BDNF delivered intraventricularly does not enhance SVZ neurogenesis and may even decrease it. These findings contrast with two previous studies in rats, in which BDNF delivered to the lateral ventricle induced a 2-3-fold increase in new OB cells (Zigova et al., 1998; Benraiss et al., 2001) . Recently, other laboratories overexpressed BDNF in the rat and mouse SVZ and also could not detect an increase in new OB neurons (Henry et al., 2007; Reumers et al., 2008) , although one group did observe more BrdU ϩ cells in the RMS (Henry et al., 2007) and the other reported a small increase in new OB cells in the short term, followed by a significant decrease in the long term (Reumers et al., 2008) . It is possible that BDNF effects on SVZ change over the period of infusion. If BDNF increases new neuron production by accelerating progenitor differentiation and/or favoring a neuronal rather than glial lineage (Ahmed et al., 1995; Cheng et al., 2003; Young et al., 2007) , this increase could lead in the long run to a reduction in SVZ neuron production caused by a depletion of the progenitor pool. This interpretation could reconcile our findings with those of Young et al. (2007) , who reported that BDNF increases neuronal production in neurosphere cultures. Alternatively, these might be in vitro effects that are not reproducible in vivo. Young et al. (2007) also report that BDNF acts on SVZ progenitors through p75, which, as discussed above, can affect cell proliferation and differentiation. We detected a reduction in SVZ proliferation after 14 d of BDNF infusion in both mice and rats as well as fewer Mash1 ϩ cells in BDNF-infused rats. However, only in rats was this reduced proliferation accompanied by a decrease in OB neuronal recruitment. Rats may respond more quickly than mice to BDNF, perhaps because of their higher p75 levels, thus showing deficits in both SVZ and OB after 14 d of infusion. It is possible that similar reductions in new OB neurons may emerge in mice infused with BDNF for longer periods of time, as observed by Reumers et al. (2008) .
A depletion of progenitor pools alone cannot explain the different results of previous studies versus ours, as all exposed the SVZ to BDNF for at least 12 d. However, Zigova et al. (1998) and ourselves infused BDNF protein with microosmotic pumps, whereas Benraiss et al. (2001) induced BDNF overexpression using intraventricular adenoviral injections. Although the comparison is difficult, the viral method likely exposes SVZ cells to lower BDNF levels. Based on a rat CSF volume of 250 l and a turnover rate of 2 h (Bass and Lundborg, 1973) , the CSF should contain ϳ4 g/ml exogenous BDNF in our pump experiments, whereas Benraiss et al. (2001) report 2 ng/ml BDNF in the CSF. However, we used the same BDNF doses as Zigova et al. (1998) and several other laboratories have reported biological effects when infusing BDNF at similar doses (Siuciak et al., 1996; Scharfman et al., 2005; Givalois et al., 2006) . The weight reduction observed in BDNF-infused animals indicates that this neurotrophin elicited biological effects in our experiments as well.
Another difference between previous publications and ours is the BrdU administration regimen. To directly determine whether that could modify the outcome of BDNF infusions, we repeated this experiment following the same BrdU administration protocol used in Zigova et al. (1998) . We detected fewer BrdU ϩ cells in the OB of BDNF-infused rats, indicating that the dose or timing of BrdU delivery is not the cause of the discrepancy between our results and those of Zigova et al. (1998) . We detected a greater decrease in OB labeling in rats injected with BrdU on days 4, 8 and 12 of BDNF infusion. This protocol is likely more sensitive at detecting the effects of BDNF on the SVZ because it labels cells generated throughout the infusion period rather than at a single, earlier time point (supplemental Fig. 12 , available at www. jneurosci.org as supplemental material).
We did not analyze the effect of our infusions on brain regions other than the SVZ/OB, so it is possible that BDNF enhances neurogenesis elsewhere in the brain (Benraiss et al., 2001; Pencea et al., 2001; Chmielnicki et al., 2004; Scharfman et al., 2005) . Nonetheless, more research is clearly needed to understand the role of this neurotrophin in endogenous neurogenesis before it can be considered promising for therapeutic purposes.
